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Lead service line replacement (LSLR) may be required when the tap water lead concentrations exceed the action level, which has been set as 15 µg/L for a 1-L first-draw sample of tap water, and cannot be lowered by corrosion control methods (USEPA, 1991) . LSLR may also be necessitated as incidental to programmed water infrastructure renewal projects or unplanned emergency repair operations. In many instances, only partial lead service line replacements (PLSLRs) are conducted because utilities can typically replace only the publicly owned portion of the service line; the private side of the service line is not replaced (Swertfeger et al, 2006) . Generally, PLSLRs are implemented by replacing the old lead pipe with new copper tubing and connecting the remaining lead pipe with a brass fitting.
In a PLSLR, a galvanic couple can be created if the lead pipe and copper tubing are electrically connected either by direct contact or by a metal coupling. Lead serves as the anode and copper serves as the cathode as shown in Eqs 1 and 2:
Anode: Pb (s) = Pb 2+ + 2e − (1) Cathode: O 2(aq) + 4H + + 4e − = 2H 2 O
in which Pb (s) is solid elemental lead, O 2(aq) is dissolved oxygen, and e − is an electron. This can result in an acceleration of the corrosion and release of lead, and the net reaction is shown in Eq 3: 2Pb (s) + O 2(aq) + 4H + = 2Pb 2+ + 2H 2 O
The disinfectants in drinking water, including free chlorine and chloramines, may also serve as electron acceptors at the cathode. Laboratory examination of field-exhumed lead/copper connections has indicated significant corrosion on the lead pipe surface in the immediate vicinity of the connection, which was probably the result of galvanic corrosion (DeSantis et al, 2009) . Several recent studies found that lead concentrations did not decrease soon after PLSLRs; instead, higher lead concentrations were observed for some utilities even several months after PLSLRs (Muylwyk et al, 2011; USEPA, 2011; Sandvig et al, 2009; Swertfeger et al, 2006) . Muylwyk et al (2011) measured lead concentrations in tap water that persisted for at least 18 months following some PLSLRs in Guelph, Ont. Swertfeger et al (2006) found that lead concentrations were only slightly lower for connections with partial replacement than for connections that retained the lead service lines even one year after replacement. Galvanic corrosion has been proposed as a mechanism that may result in the longterm persistence of lead concentrations USEPA, 2011; Edwards & Triantafyllidou, 2007) .
The effect of galvanic corrosion on lead release following PLSLRs can be affected by the methods used to connect the lead pipes and copper tubing. Connecting lead pipes and copper tubing joined by plastic tubing but with external electrical wires resulted in measurable galvanic currents and increases of 1.5-75 times the amount of lead release . Although this connection method allows direct measurement of galvanic currents, actual connections in PLSLRs use couplings such as brass compression fittings, brass dielectric compression fittings, and brass valves. Recent Laboratory experiments were performed to evaluate the effect of galvanic corrosion on lead release following simulated partial lead service line replacements. Experiments were conducted in a recirculating flow mode with intermittent stagnation periods using aged lead pipes harvested from Washington, D.C. Lead pipe and copper tubing were connected by brass, brass dielectric, and plastic couplings; additional experiments were performed with plastic couplings and an external wire to connect the lead and copper. Lead release increased in the order of systems connected with plastic, plastic with external wires, brass dielectric, and brass couplings. The trends are consistent with galvanic reactions between lead and copper and between lead and brass. For systems with galvanic corrosion, the increased lead release was primarily in a particulate form. Increasing the chloride-to-sulfate mass ratio from 0.7 to 7 did not increase the dissolved or total lead release. studies have found that lead release was significantly increased by connecting lead pipes and copper tubing with brass compression fittings-with enhancement primarily attributed to galvanic corrosion (Cartier, 2012; Wang et al, 2012) . Clark et al (2011) measured lead release after connecting lead pipes and copper tubing using different methods and found that the lead concentrations increased in the order of systems connected by direct endto-end connection, brass compression fittings, and brass valves.
Water chemistry can affect galvanic corrosion. Several studies have reported that increasing the chloride-to-sulfate mass ratio (CSMR) can accelerate lead release because of galvanic corrosion Nguyen et al, 2010a; Edwards & Triantafyllidou, 2007; Gregory, 1990) . Triantafyllidou and Edwards (2011) quantified lead release in externally wired pipe assemblies and found that 3-12 times more lead was released from a system with a CSMR of 16 than from one with a CSMR of 0.2. Cartier (2012) observed that lowering the CSMR from 0.9 to 0.3 significantly decreased lead release from lead pipes connected to copper tubing with brass fittings. Decreasing the pH level (Gregory, 1990) or increasing the nitrate concentration (Nguyen et al, 2011a) was also found to increase lead release resulting from galvanic corrosion. In contrast, increasing bicarbonate, zinc, or silicate concentrations could inhibit galvanic corrosion (Nguyen et al, 2011b; Gregory, 1990) . Orthophosphate is often added to inhibit lead corrosion (McNeill & Edwards, 2002) , but it was not found to decrease lead release from galvanic corrosion (Cartier, 2012; Arnold et al, 2011) .
The corrosion products that constitute pipe scales can potentially passivate the pipe surface and have an effect on galvanic corrosion. By measuring the surface potential, Reiber and Dufresne (2006) found that although galvanic corrosion was significant on new lead pipe surfaces, it was minimal and highly transient on aged lead pipes. For a system in which new lead pipe and copper tubing were galvanically connected, Arnold et al (2011) observed that Pb(IV) oxides formed on lead pipes after approximately two months of continuous recirculation with chlorinated water and that the presence of the Pb(IV) oxides protected the lead pipes from galvanic corrosion. Although corrosion products may passivate the pipe surface, they may also break off and be released as particulate lead at high flow rates . Although new or cleaned lead pipes were commonly used in previous work to simulate PLSLRs (Boyd et al, 2012; Cartier et al, 2012; Clark et al, 2011; , only a few studies have used lead pipes that were harvested from actual distribution systems (Cartier, 2012; Wang et al, 2012) .
The extent and duration of galvanic corrosion can be affected by the flow regime. Triantafyllidou and Edwards (2011) observed that lead concentrations were significantly increased in stagnant water as a result of galvanic corrosion and suggested that stagnation represented a worst-case scenario for lead release. In determining lead release from galvanically connected lead-copper pipe assemblies, Arnold et al (2011) found that greater amounts of lead were released in intermittent flow than during continuous flow. Flow rates also affected lead release from galvanic corrosion with medium (8 L/min) and high (32 L/min) flow rates, resulting in much higher lead release than at a low flow rate (1.3 L/min; Cartier et al, 2012) .
The primary objective of the current study was to determine the effect of connection methods on lead release resulting from galvanic corrosion. A secondary objective was to evaluate the effect of CSMR on lead release. To best represent actual field PLSLRs, aged lead pipes were connected to new copper tubing with commercially available couplings.
MATERIALS AND METHODS

Materials.
Laboratory experiments were conducted with aged lead pipes that were harvested from the Washington, D.C., distribution system after being used for more than 100 years. Pipes had inner diameters of 0.75 in. and outer diameters of 1.18-1.2 in. Pipes were cut into 24-in. sections for use in experiments; the remaining portions were used for scale characterization.
Type K copper tubing (1-in. inner diameter, 1.125-in. outer diameter) was cut into 24-in. sections. Polyvinyl chloride (PVC) pipe sections with inner diameters of 1 in. were cut into 24-in. sections and used in lead-free control experiments. Couplings used in the experiments were brass compression fittings, 1 brass dielectric fittings, 1 and all-plastic polypropylene fittings 2 ( Figure 1 ). All solu- 
FIGURE 1
Three types of couplings used to connect the lead pipes and copper tubing tions were prepared using ultrapure water (resistivity > 18.2 MΩ-cm). Reagent-grade calcium chloride, magnesium chloride, magnesium sulfate, disodium hydrogen phosphate, sodium fluoride, sodium chloride, sodium bicarbonate, sodium hypochlorite, sodium hydroxide, and nitric acid (HNO 3 ) were purchased and used for preparing synthetic tap water. Pipe conditioning. Six harvested lead pipes were conditioned with water prepared to simulate the chemistry of the Washington, D.C., distribution system (Table 1) before being connected to copper tubing. The pipes were first conditioned in a static "dumpand-fill" mode for at least eight weeks. This mode was operated following the procedures described elsewhere (Wang et al, 2012) . Samples were collected periodically and preserved for dissolved (filtered with 0.45-µm polyethersulfone syringe filters) and total lead analysis. After being conditioned in the static mode, the pipes were conditioned in a recirculating flow mode for four weeks. A similar protocol was then used when the lead pipes were connected to the copper tubing. Briefly, the system was operated on a daily cycle during weekdays. Each Monday morning, freshly made synthetic Washington, D.C., water was fed into the pipes from a 10-L polyethylene reservoir. The weekday cycle for Monday-Thursday started with a 6-h stagnation period, then 15 min of flow, a 17.25-h stagnation period, and finally 30 min of flow. On Fridays, the 17.25-h stagnation period was replaced with a 65.25-h stagnation period (i.e., over the weekend)-hereafter referred to as the 65-h stagnation period-as the last phase of the weekly cycle. The reservoirs were then replaced with clean ones with freshly made solutions to begin the next week's cycle. A peristaltic pump 3 provided a flow rate of 5.2 L/min, which corresponded to a water velocity of 1 fps in the lead pipes. A 50-mL water sample was collected each Monday, Wednesday, and Friday before the 6-h stagnation period and on Friday before the 65-h stagnation period. Following the corresponding stagnation periods, 50-mL poststagnation samples were collected and mixed evenly. Ten millilitres were used for total lead analysis, 10 mL for dissolved lead analysis, and the remaining 30 mL for pH and combined chlorine measurement. The orthophosphate concentration was determined for selected samples. For pipe conditioning and experiments with couplings (discussed in the subsequent section), the pH and orthophosphate concentrations in the reservoir were stable over the one-week cycle. The concentrations of combined chlorine decreased over time, so the chlorine concentrations were regularly adjusted back to the target value.
Experiments with couplings. After being conditioned in the recirculating flow mode for four weeks, the lead pipes were connected to new copper tubing using the different couplings and placed in the recirculation system ( Figure 2 ) and operated for at least six weeks. Flexible plastic tubing was used to connect the sampling valves, flow meters, and the recirculation reservoirs. The overall timeline of all experiments conducted is shown in Table 2 . Two pipes were connected to copper tubing using the plastic couplings (plastic 1 and plastic 2), two using the brass couplings (brass 1 and brass 2), and two using the brass-dielectric couplings (brassdie 1 and brass-die 2). The numbers 1 and 2 refer to duplicates. The electrical resistance between the lead and copper was measured by a handheld multimeter. For the plastic-coupled and brass dielectric-coupled systems, the resistance was high (> 1 MΩ) between the lead pipes and copper tubing, indicating no electrical connection; little resistance (< 4 Ω) was observed for the brasscoupled pipe assemblies. The brass dielectric couplings still have the potential for dissimilar metal couples of copper/brass and brass/lead. The internal volumes of the lead pipe and copper tubing sections were 180 and 310 mL, respectively.
After six weeks of the experiment, for pipes with plastic and brass couplings, the CSMR was increased from its original value of 0.7 to an elevated value of 7.0 for four weeks ( Table 1 ). The value of 0.7 is near the boundary where CSMR was found in previous research to result in enhanced galvanic corrosion (Nguyen et al, 2011c) .
The opportunity for galvanic corrosion to occur was also introduced for the lead-copper assemblies with the plastic couplings by electrically connecting them with an external wire as was done in previous work . Unlike connections made using brass or brass dielectric couplings, this connection allows for the measurement of galvanic current by placing a multimeter in the externally wired connection. These systems are referred to as plastic-ex 1 and plastic-ex 2. This connection was made for the same pipes that had been studied with the plastic couplings (without the externally wired connection) at first with the original CSMR and then at the elevated value. Before the connection with the external wires was made, the lead-copper assemblies were operated using the water with the original CSMR for four weeks. Then, after the pipe assemblies were operated with the external connection for six weeks, the wires were disconnected, and lead release was monitored for one more week.
To test for lead release from the couplings themselves, control experiments were performed using PVC pipes connected to copper tubing. Experiments were operated for four weeks using the same weekly cycle used for the experiments with lead pipes and copper tubing.
In both the experimental lead-copper and control PVC-copper experiments, influent samples of 50 mL were collected at a flow rate of 1 L/min on each Monday and Thursday before the 6-h stagnation period and on Friday before the 65-h stagnation period. Poststagnation samples of approximately 500 mL were collected directly from the pipe assemblies at a flow rate of 1 L/min following the Monday and Thursday 6-h stagnation periods and the weekend 65-h stagnation period. A profile sampling approach was performed once for each lead-copper pipe assembly using the synthetic Washington, D.C., water with the original CSMR. Seven consecutive 70-mL samples were collected for each lead-copper pipe assembly at the effluent sampling port ( Figure 1 ) near the lead end of the assembly after 6 h of stagnation in an effort to identify possible localization of lead release along the pipe sections.
After the old reservoir was replaced with a new one each Monday, the solution in the old reservoir was acidified to pH < 2 by the addition of 10 mL concentrated HNO 3 and was allowed to sit at this low pH for at least 24 h before a 10-mL sample was collected for total lead and copper analysis. This acidification was intended to mobilize and dissolve particulate or adsorbed lead that may have accumulated in the reservoirs during the previous week.
Characterization of lead pipe scales. X-ray diffraction (XRD) was performed to identify the crystalline phases of the corrosion products from both the as-received pipes and pipes after the experiments with couplings. For XRD, 6-in. portions of the pipes were cut longitudinally, and scales were scraped from the inner surfaces of the pipes using a metal spatula. For imaging, a 1-in. section of the as-received pipe was filled with epoxy. Then the cross-section was cut, and the thickness of the pipe scales was observed using scanning electron microscopy ( Figure 3 ). The elemental composition of the scales from the as-received pipes was quantified by digesting 0.01 g of the scale in a mixture of 2.5 mL concentrated hydrochloric acid and 10 mL concentrated HNO 3 that was heated to 100°C for 4 h and then processing the digestate for analysis.
Analysis methods. Concentrations of lead and copper were measured by inductively coupled plasma mass spectroscopy. 4 The samples were acidified to 2% HNO 3 and allowed to sit for at least The pipe assembly was inclined at an approximate 15º angle, with the lead end above the copper end. 
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24 h before analysis. XRD was conducted on a diffractometer 5 using X-rays with a wavelength of 1.54 Å. Electron microscopy images were acquired on a field emission scanning electron microscope. 6 Total chlorine and orthophosphate concentrations were determined by the standard N,N-diethyl-p-phenylenediamine and ascorbic acid colorimetric methods (4500-Cl G and 4500-P E; Standard Methods, 1998, respectively) with a spectrophotometer. 7 Solution pH was measured with a pH electrode and pH meter.
RESULTS AND DISCUSSION
Pipe-scale characterization. Using XRD, the Pb(II) phosphate hydroxylpyromorphite [i.e., Pb 5 (PO 4 ) 3 OH] was observed as the dominant solid phase in the scales of both the as-received pipes and pipes after the experiments. Pb 5 (PO 4 ) 3 OH has been observed in distribution systems using phosphate as corrosion inhibitors (Schock et al, 2005a) . Orthophosphate has been added since 2005 in Washington, D.C., water treatment plants to mitigate lead release to tap water. In addition, the Pb(IV) oxides scrutinyite and plattnerite were both observed. Lead oxide has been found in distribution systems in which free chlorine was consistently used as the disinfectant (Kim & Herrera, 2010; Schock et al, 2005b) . Washington, D.C., used free chlorine as the disinfectant persistently before 2001 and now still operates with free chlorine for about one month per year to limit the growth of biofilms.
The dominant solids present in the pipe scales were aggregates of small roughly spherical particles with primary sizes < 100 nm ( Figure 3, part A) . The shape observed in the current work was consistent with that of Pb(IV) oxide or Pb 5 (PO 4 ) 3 OH, both of which have been previously observed as small, roughly spherical particles or aggregates (Wang et al, 2010; Giammar et al, 2008) . The thickness of the scale was approximately 40 µm. Xie and Giammar (2011) conditioned new lead pipes for eight months in the laboratory and observed development of a pipe scale with a similar thickness of 24 µm, whereas a 300-µm-thick pipe scale was observed in a pipe harvested from a water utility in Illinois (Nadagouda et al, 2011) .
Completely digesting the scales determined that trace amounts of aluminum (15 mg/g), manganese (Mn; 5 mg/g), vanadium (V; 4 mg/g), and copper (6 mg/g) were present. Mn and V have been observed in the scales of the lead pipes in the distribution system of Providence, R.I. (Wang et al, 2012) . Gerke et al (2009) analyzed the scales of 15 lead pipes from eight distribution systems and found that most scales contained V with a concentration of 2-8 mg/g. They suggested that V can be present in the form of vanadinite. Because of the similarity of vanadate (VO 4 3− ) to phosphate (PO 4 3− ), VO 4 3− may even partially substitute for PO 4 3− in the lead phosphate solids in the pipe scales. Lead release during pipe conditioning. In the recirculating flow mode, the average dissolved lead concentrations following 6-h stagnation periods were quite similar for the six pipes, with the average value around 15 µg/L (Figure 4 , part A). Increasing the stagnation time to 65 h did not affect the dissolved lead concentrations except for one pipe, suggesting that the water in the pipes may have reached equilibrium with respect to the corrosion products within 6 h. On the basis of available thermodynamic data (Benjamin, 2002; Schecher & McAvoy, 1998) , the dissolved lead concentration in equilibrium with Pb 5 (PO 4 ) 3 OH in the Washington, D.C., water chemistry is estimated to be 9 µg/L, which was close to the measured value. The total lead concentrations were only slightly higher than the dissolved lead concentrations (Figure 4 , part B), indicating that most of the lead released during the conditioning period was dissolved and not particulate at the sampling flow rate of 1 L/min. Flow rate can strongly affect particulate lead release, and it is anticipated that greater amounts of particulate lead would be released at a higher flow rate (Car tier et al, 2012) .
Lead and copper release from the coupling experiments. After connecting lead pipes to copper tubing using the different types of test couplings, dissolved and total lead concentrations were monitored regularly each week. The lead concentrations after stagnation were lowest for the plastic-coupled systems, which had no galvanic connection of the copper and lead, and highest for Brass-two pipes connected to copper tubing with brass couplings, brass-die-two pipes connected to copper tubing with brass-dielectric couplings, CMSR-chloride-to-sulfate mass ratio, plastic-two pipes connected to copper tubing with plastic couplings, plastic-ex-two pipes connected to copper tubing with plastic couplings and electrically connected with external wire *Experiments were conducted in duplicate.
the brass-coupled pipe assemblies ( Figure 5 ). Concentrations for the brass dielectric and externally wired plastic couplings were between these two bounding cases and also had more variation between duplicates.
Effect of coupling types. Total lead and dissolved lead concentrations were quite similar for the plastic-coupled systems, suggesting that lead was present primarily in the form of dissolved lead. The total lead concentrations in the plastic-coupled systems following 6-h stagnation periods were stable over the six weeks of experiments, with an average concentration of approximately 10 µg/L ( Figure 5 ). Increasing the stagnation time to 65 h only slightly increased the total lead concentrations. These lead concentrations were close to the predicted equilibrium solubility of Pb 5 (PO 4 ) 3 OH and similar to values measured during pipe conditioning. Because lead pipes and copper tubing were not galvanically connected in the plastic-coupled systems, the lead concentrations provided a baseline for comparison with systems in which galvanic corrosion was possible.
Connecting the lead and copper with external wires in the plastic-coupled systems allowed galvanic corrosion. Enhanced lead release was only observed for one of the duplicates (plastic-ex 2; Figure 5 ). On average, the total lead concentrations for plastic-ex 2 were eight times higher than without the wired connection ( Figure 5 ). The enhancement of lead release for one of the externally wired connections can be attributed to galvanic reactions between lead and copper during the period of the wire connection (days 98-140, as shown in Figure 6 ). Removing the wires immediately decreased the lead concentrations to the levels without the wired connection ( Figure 6 ). The duplicate pipe assemblies behaved almost identically before the external connection was made, but one of the pipes was much more susceptible to galvanic corrosion upon connection. Differences in the structure and spatial distribution of scales of corrosion products on the pipes could be responsible for the observed differences.
Galvanic current was detected in both of the externally wired plastic-coupled systems, and the current did not decrease over 
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the six weeks of the experiments. For plastic-ex 1, the average galvanic current during the stagnation periods was 18 µA; plastic-ex 2 had a higher average galvanic current of 40 µA. Galvanic current has also been measured in previous studies with new lead pipes. By connecting lead pipes and copper tubing using external wires, Cartier et al (2012) found that the galvanic current persisted for seven months with an average value around 25 µA during stagnation. Using a similar connection method but different water chemistry, Triantafyllidou and Edwards (2011) reported galvanic currents during stagnation as high as 87 µA. Both in current and previous works , the observed lead release was much lower than the total amount of Pb(0) oxidation to Pb(II) that is predicted from the galvanic current using Faraday's law. The total electron transfer from the lead to the copper is measured in the galvanic current, and this can then be used to determine the amount of lead oxidation that occurred. Even for plastic-ex 2, which had elevated lead release, only 1.5 and 3.0% of the Pb(II) generated by galvanic corrosion was released as dissolved and particulate lead to water after 6 h of stagnation, respectively. In the current work, the galvanic currents during recirculation were typically 50% higher than those during stagnation periods, which was consistent with a previous observation that the galvanic current was 25-50% higher during flow than during stagnation . For galvanic corrosion to occur, transport of solutes from the anode to the cathode must occur; for stagnant water, this transport is controlled by diffusion, but for conditions with flow, the transport can be provided much more rapidly by convection. Greater amounts of total lead were released from the brass dielectric-coupled systems than from the plastic-coupled ones ( Figure 5 ). The total lead concentrations continuously decreased for one of the duplicate assemblies (brass-die 1), but were stable for the other (brass-die 2). As with the externally wired plastic connections, the difference in the behavior of the duplicate assemblies with brass dielectric couplings may be attributed to microscale differences in the composition and distribution of the pipe scales. On average, the total lead concentrations following 6-h stagnation periods were an order of magnitude higher for the brass dielectric-coupled systems than for the plastic-coupled ones. Increasing the stagnation time to 65 h further enhanced the total lead release.
Although the brass dielectric couplings themselves may be a source of lead, lead pipe-free control experiments suggested that < 20 µg/L of lead was released from the couplings following 6-h stagnation periods and that the lead was primarily in the form of dissolved lead ( Figure 7 ). Therefore the majority of the lead release in the brass dielectric-coupled systems may be attributed to galvanic corrosion. With the brass dielectric couplings, the lead and copper are not galvanically connected, but brass and lead can act as a galvanic couple with lead serving as the anode.
The highest lead release was observed in the brass-coupled pipe assemblies ( Figure 5 ). Compared with those in plastic-coupled systems, the total lead concentrations in the brass-coupled systems were about 20 times higher following 6-h stagnation periods. Increasing the stagnation time from 6 to 65 h doubled the total lead concentrations in the brass-coupled systems. The brass couplings themselves would release < 20 µg/L total lead ( Figure  7) ; therefore, the much greater lead release was primarily the result of galvanic corrosion. For both stagnation times, the duplicate brass-coupled assemblies were in agreement over the entire experiment duration. Clark et al (2011) also observed that more lead was released from brass-coupled systems than from systems in which the lead and copper were directly connected.
Copper release was monitored for the systems with different couplings and can provide complementary data to lead release regarding galvanic corrosion. Dissolved and total copper concentrations were similar for all of the systems, so most copper was dissolved. Although copper concentrations were similar for all the pipe assemblies after 6 h of stagnation, increasing the stagnation time to 65 h resulted in a different trend of copper release (Figure 8 ). The highest copper release was observed for the plastic-coupled systems in which no galvanic corrosion could occur. Relative to the plastic-coupled systems, the copper concentrations decreased in the order of systems connected with brass dielectric, externally wired plastic, and brass couplings. These results are consistent with copper acting as the cathode that is protected from corrosion by its galvanic interaction with lead or brass. For plastic-ex 1, although lead release was not enhanced because of galvanic corrosion, copper concentrations after 65 h of stagnation were decreased relative to those before making the external galvanic connections (plastic) and were comparable with those for plastic-ex 2 (Figure 8 ). Combined 
FIGURE 6
Total lead concentrations after 6-h stagnation periods over five months with plastic-coupled pipe assemblies
CSMR-chloride-to-sulfate mass ratio
The plastic-coupled pipe assemblies were used to investigate the effects of CSMR and the external electrical connection of the lead pipe and copper tubing. with the measurements of galvanic current, these results regarding copper concentrations confirm that a galvanic interaction did still occur in the plastic-ex 1 system even though lead release was not increased. Distribution of released lead between dissolved and particulate. The distribution of total lead between particulate and dissolved was examined for all of the pipe assemblies (Figure 9 ). Dissolved lead was more abundant than particulate lead for the plasticcoupled systems. When the externally wired connection was made for plastic-ex 2, the increased lead concentration was primarily in the form of particulate lead, and more than 80% of the total lead was particulate (Figure 9 ). Triantafyllidou and Edwards (2011) determined lead release by connecting lead pipes and copper tubing with external galvanic wires. They observed that in stagnant water 70-99% of total lead was in particulate forms.
Compared with the plastic-coupled systems, both dissolved and particulate lead concentrations increased significantly for the brass-coupled and brass dielectric-coupled systems. For the brasscoupled systems, particulate lead became more dominant, and typically 52-72% of the total lead was particulate in the water after 6 h of stagnation. By examining the lead release from a similar pipe loop with a different water chemistry, Wang et al (2012) reported that 55-93% of the total lead was in particulate form in brass-coupled pipe assemblies. For the systems with brass dielectric couplings, the concentrations of dissolved and particulate lead were comparable.
The enhancement of particulate lead release from galvanic corrosion may be due to the formation of new particles or destabilization of the existing pipe scales (Wang et al, 2012) . Destabilization of pipe scales could be strongly affected by the flow rate. Cartier et al (2012) found that increasing the sampling flow rate from 1.3 (laminar flow) to 8 L/min (turbulent flow) increased the particulate lead release by a factor of 3-40. They concluded that portions of the pipe scales may be more easily released at turbulent flow conditions. Given the sampling flow rate of 1 L/min and the pipe diameter, the flow pattern was laminar flow (Reynolds number = 1,140) in the current work. The total lead concentrations were quite stable over time and not noisy as would be expected for episodic detachment of lead-rich particles; therefore, the particulate lead release in the galvanically coupled systems of the current work is probably the result of the formation of new particles. In a related pilot-scale study to determine the effect of galvanic corrosion using Washington, D.C., lead pipes, a higher sampling flow rate of 10 L/min was used. The total lead concentrations were much noisier, which may be due to the destabilization of the existing scales (Welter et al, 2013) .
In the recirculating flow experiments, the particulate lead released during recirculation can accumulate in the reservoir (Arnold et al, 2011; Nguyen et al, 2010b) . To evaluate the amount of particulate lead that had accumulated in the reservoir, the water in the reservoir after a one-week cycle of stagnation and recirculation was acidified. In all cases, a significant increase (2.5-4.5 times) in total lead concentrations was observed following acidification of reservoirs that served pipe assemblies in which galvanic corrosion occurred. Typically, more than 80% of the total lead was in particulate form. The total lead that had accumulated in the reservoirs followed the same trend as the stagnation samples, with concentrations increasing in the order of plastic, externally wired plastic, brass dielectric, and brass (compare Figures 5 and 10) . By quantifying lead release in a similar experimental setup but with a different water chemistry, Wang et al (2012) found that for the brass-coupled pipe assemblies, the total lead concentrations in the reservoir increased by 3.5 times after acidification. In previous work with systems that had lead and copper connected by external wires, the total lead concentrations in the acidified reservoir were three-eight times those prior to acidification (Arnold et al, 2011; Nguyen et al, 2010b) .
The total mass of lead released during one week is the sum of the lead released during stagnation and during recirculation. This total can be determined from the lead measurements in the three poststagnation samples collected each week and in the acidified reservoir. The reservoir includes lead released during stagnation periods for which samples were not collected and during the 45 min of recirculating flow that occurred each weekday. For one week, the total lead released from stagnation can be estimated as the sum of lead release from five 6-h, four 17-h, and one 65-h stagnation periods. Poststagnation samples were collected after 6-and 65-h stagnation periods, but not after 17-h stagnation periods. Assuming that all five 6-h stagnation periods had the same lead release and that similar amounts of lead were released during the 17-and 65-h stagnation periods, the total stagnation periods for a week contributed approximately 33, 51, 29, and 
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Dissolved and particulate forms of lead during weeks 1-6 of experiments with lead pipes connected to copper tubing following 6-h stagnation periods using plastic (with and without externally wired connections), brass-dielectric, and brass-compression couplings. The x-axis indicates the day of the week and the week of the experiment.
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40% of the total lead released (stagnation + flow) for plasticcoupled, plastic-ex 2, brass dielectric-coupled, and brass-coupled pipe assemblies, respectively. Therefore, it can be concluded that significant amounts of lead were released during stagnation as well as during flow. Results of lead release from both stagnation and flow suggested that galvanic corrosion enhanced total lead release for at least six weeks. Triantafyllidou and Edwards (2011) observed that lead concentrations were increased for several months in stagnant water in a system where lead and copper were galvanically connected by external wires and suggested that the enhancement was due to galvanic corrosion. Cartier (2012) monitored lead release in a once-through flow system following connection of lead pipes to copper tubing with brass couplings and found that galvanic corrosion enhanced lead release for at least eight weeks. Muylwyk et al (2011) measured lead concentrations in tap water in Guelph following PLSLRs (94 replacements tracked) and found that for some locations high lead concentrations persisted for at least 18 months. Further studies focused on lead release over months to years are needed to better evaluate the duration of galvanic corrosion.
Localized nature of galvanic corrosion. Localized lead release caused by galvanic corrosion was evaluated by a sampling approach that collected water from different zones of the pipe assemblies after a 6-h stagnation period (Figure 11 ). For the plastic-coupled systems, lead concentrations were highest near the end of the lead pipe and decreased along the portion to the copper tubing. For the brass-coupled, brass dielectric-coupled, and one of the externally wired plastic-coupled systems, the highest lead concentrations were observed in the zones near the coupling connections, indicating that galvanic reactions were most dramatic in the regions near the couplings. For the three systems in which galvanic corrosion occurred, moving away from the junction higher lead concentrations were observed in the copper tubing sections than in the lead pipe sections. The aged lead pipes may provide a sink for lead in scavenging lead from solution. Previous observations also concluded by using various techniques that galvanic corrosion was a localized phenomenon. Boyd et al (2012) measured the open-circuit potential of directly connected lead pipe and copper tubing and observed that the galvanic effect was most pronounced within the first few centimetres next to the lead-copper junction. Several studies measured the galvanic currents between lead pipes and copper and found that the galvanic currents were highest within the first few inches next to the junctions and decreased with increasing distance (St. Clair et al, 2012; Clark et al, 2011; . By measuring lead release from brass-coupled pipe assemblies, Wang and colleagues observed higher lead release near the brass couplings because of galvanic corrosion (Wang et al, 2012 ). In the current work, the lead concentrations near the couplings were five to eight times higher than at the lead ends of the systems in which galvanic corrosion occurred. Although these high local lead concentrations may not increase the overall lead exposure at the tap for locations at which a large portion of the lead service line is replaced, the maximum lead concentration that a consumer might be exposed to could be increased significantly. Further, depending on the relative amounts of lead pipe remaining after a PLSLR, the increased local release of lead resulting from galvanic corrosion may outweigh the decrease in lead associated with the removal of a portion of the lead pipe.
Effect of CSMR. For both the plastic-and brass-coupled systems, increasing the CSMR from 0.7 to 7.0 increased neither the total lead release following 6-and 65-h stagnation periods nor the total lead concentrations in the acidified reservoir after a oneweek cycle of flow and stagnation (Figure 12 ). This observation is expected for the plastic-coupled pipe assemblies because no galvanic corrosion would occur in that system. However, for the systems having galvanic connections, CSMR was previously found to be an important parameter that affected the extent of galvanic corrosion Nguyen et al, 2010a; Edwards & Triantafyllidou, 2007; Gregory, 1990) . Previous studies have suggested that the threshold value of the CSMR above which lead release from galvanic corrosion could be accelerated was in the range of 0.6-0.77 (Nguyen et al, 2011b; Edwards et al, 1999) . Based on chloride and sulfate concentrations that are representative of those in the water in the DC Water and Sewer Authority distribution system, the original CSMR was selected as 0.7 for the current study. It is possible that lower lead release would have occurred for the pipe assemblies if the CSMR was decreased to a lower value. Cartier (2012) determined lead release from galvanic corrosion in a once-through flow system by connecting lead pipes and copper tubing using brass couplings and found that decreasing the CSMR from 0.9 to 0.3 decreased lead release. In a system in which lead pipes and copper tubing were connected using external wires, the lead release increased by three to 12 times when the CSMR was increased from 0.2 to 16. However, even when the CSMR was low (0.2), lead release from galvanic corrosion was still significant ). In the current study, the relatively high bicarbonate concentration combined with the presence of orthophosphate may have helped mitigate any enhanced lead release that could have been caused by increased galvanic corrosion at the elevated CSMR.
Environmental implications. By connecting aged lead pipes to new copper tubing with commercially available couplings, the current work demonstrated that galvanic corrosion occurred and enhanced lead release in the systems in which lead and copper were electrically connected. Even lead and brass may serve as a galvanic couple and result in an elevated lead release for at least six weeks. Therefore, to prevent galvanic corrosion following PLSLRs in the field, lead and copper would need to be connected with nonconductive plastic couplings. In addition, unlike new lead pipes, aged lead pipes may have quite different susceptibility to galvanic corrosion because of the spatial heterogeneity of the pipe scales. Given the pipe-to-pipe variability for the aged lead pipes, decisions should be made conservatively with knowledge of the worst-case outcomes. The experiments were performed for only six weeks for each condition, and sampling was performed at a relatively low flow rate (1 L/min), so caution should be taken in applying the conclusions of this work directly to the field. Long-term experiments with higher sampling flow rates would provide more direct information on the duration of galvanic corrosion in the field. The current work found that increasing the CSMR from 0.7 to 7 did not increase lead release from galvanic corrosion, and future research could examine whether there would be benefits to lowering the CSMR below 0.7. Future research could also more 
CONCLUSIONS
The effect of coupling types and CSMR on lead release following simulated PLSLRs with copper was investigated using aged lead pipes harvested from Washington, D.C. Before conducting the experiments, the pipes were conditioned for a total of at least 12 weeks. Experiments with lead-copper pipe assemblies conducted for six weeks in a recirculating flow mode with intermittent stagnation periods yielded the following conclusions.
• The lowest lead release was observed for the plastic-coupled pipe assemblies, which served as a galvanic-free control. Relative to the plastic-coupled systems, the total lead release following stagnation increased in the order of systems coupled with plastic fittings with external wires, brass dielectric fittings, and brass fittings.
• The copper concentrations following 65 h of stagnation decreased in the order of systems coupled with plastic, brass dielectric, externally wired plastic, and brass, which was consistent with copper acting as the cathode in a galvanic interaction with lead.
• For the plastic-coupled systems with external wires, lead and copper can serve as a galvanic couple with lead serving as the anode, resulting in an increase of lead release and decrease of copper release, especially after 65 h of stagnation. Galvanic currents between lead and copper were detected, which confirmed the occurrence of galvanic corrosion.
• Duplicate pipe assemblies with plastic couplings with external connections and with brass dielectric couplings had different susceptibility to galvanic corrosion. It is possible that similar pipe-to-pipe variation could occur with other couplings as well.
• For the brass dielectric-coupled system, because brass itself only released limited lead, the enhanced lead release was probably the result of the galvanic reaction between lead and brass.
• For the systems with enhanced lead release, the increased lead amounts were primarily in particulate forms. Increasing the stagnation time from 6 to 65 h further increased the release of particulate lead, especially for the brass-coupled pipe assemblies.
• For the systems with enhanced lead release caused by a connection to copper tubing, lead concentrations were locally much higher in the regions closest to the couplings.
• For both the brass-coupled and plastic-coupled pipe assemblies, increasing the CSMR from 0.7 to 7 did not increase the amount of lead release.
ACKNOWLEDGMENT
The Water Research Foundation and the DC Water and Sewer Authority are the joint owners of the technical information on which this article is based. The authors thank the foundation and DC Water for their financial, technical, and administrative assistance (WaterRF Project Number 4349). 
